A B S T R A C T The excretion and metabolism of labeled epinephrine and norepinephrine by the isolated, perfused rat kidney were studied. The excretion ofboth catecholamines significantly exceeded the amount filtered, thus providing direct evidence of net tubular secretion. Renal clearance of epinephrine was significantly greater than that of norepinephrine. Tubular secretion was a linear function of the concentration of unbound catecholamine in the medium with no demonstrable tubular maximum at the concentrations studied. The isolated kidney removed catecholamines from the medium by metabolism as well as excretion in the urine. 0-Methylation was the major metabolic route and 0-methylated metabolites were rapidly excreted and concentrated in urine. Preferential excretion and metabolism of epinephrine were confirmed in double-label experiments in which ['4C]epinephrine and [3H]norepinephrine were perfused together. The ratio -of "4C:3H in urine exceeded that in perfusion medium for total radioactivity as well as for catecholamines and 0-methylated amines.
INTRODUCTION
The mechanisms involved in catecholamine clearance and excretion by the kidney are poorly understood (1) . Definite evidence of tubular secretion of various cate- Dr. Silva is an Established Investigator of the American Heart Association.
Receivedfor publication 9January 1979 and in revisedform 18 May 1979. 850 cholamines (including epinephrine and norepinephrine) has been obtained in chickens using the Sperber technique (2) (3) (4) . In mammals, conflicting data have been reported, some supporting (5, 6) and some opposing net tubular secretion of catecholamines (7) . Similarly, the metabolism of catecholamines by the kidney has not been well described. Mammalian kidney possesses monoamine oxidase and catechol-0-methyl transferase (8) , the enzymes responsible for the major metabolic transformations of epinephrine and norepinephrine. Mammalian urine contains 0-methylated and deaminated catecholamine metabolites. The chicken kidney is capable of forming some of these compounds (9) , but the extent to which the kidney contributes to the overall metabolism of catecholamines and to the production of catecholamine metabolites that appear in urine, is unknown.
Studies of renal catecholamine clearance in intact mammals including man have been limited because of the difficulty of accurately measuring catecholamines in plasma, coupled with the short half-life of plasma catecholamines (< 1 min) (10) , and the lability ofendogenous catecholamine production and release. Studies based on infusions of tracer epinephrine (E)l and norepinephrine (NE) are confounded by neuronal uptake and extraneuronal metabolism, as well as the hemodynamic alterations induced by infusion of these potent catecholamines.
The isolated perfused rat kidney circumvents some of these problems. This preparation (11, 12) , which involves the continuous recirculation of -70 ml of an artificial cell-free medium, has a glomerular filtration rate approaching that found in anesthetized intact rats, and reabsorbs >94% of filtered sodium (13) . The preparation is stable for 60-90 min, and the medium can be sampled repeatedly as the urine is collected.
In the present study, labeled E and NE were added I Abbreviations used in this paper: E, epinephrine; GFR, glomerular filtration rate; NE, norepinephrine; VMA, vanillylmandelic acid.
to the perfusion medium, and the medium and urine analyzed for catecholamines and catecholamine metabolites. The results indicate net tubular secretion of both E and NE, and significant metabolism to 0-methylated derivatives. Both the rate of secretion and the rate of metabolism were significantly greater for E than for NE.
METHODS
Isolated perfused rat kidney preparation. Male SpragueDawley rats weighing from 240 to 490 g were used for all experiments. The rats were fed Purina Rat Chow (Ralston Purina Co., St. Louis, Mo.) and allowed free access to water. Perfusion of the right kidney was performed according to the technique of Nishiitsutsuji-Uwo et al. (11) as modified by Ross et al. (12) . The animals were anesthetized with pentobarbital (60 mg/kg i.p.); mannitol (50 mg/100 g) and heparin (1,000 U) were injected into the femoral vein. The peritoneal cavity was opened, and polyethylene catheters placed in the right ureter and the inferior vena cava. A glass cannula was inserted into the superior mesenteric artery and threaded across the aorta into the right renal artery. Perfusion was started while the glass cannula was still in the mesenteric artery. Perfusion medium was recirculated continuously with pulsatile flow at a pressure of 100/80 mm Hg distal to the tip of the arterial cannula. The kidneys were perfused inside a cabinet kept at a temperature of 370C. The perfusion medium contained (millimoles): sodium 140, potassium 5, calcium 2.5, magnesium 1.2, bicarbonate 25, chloride 120, phosphate 1.2, and sulfate 0.8. The pH was 7.4 when gassed with 5% CO2 and 95% 02. The medium was initially prepared as a 10-g/100-ml solution of albumin (bovine albumin, fraction V, Pentex, Miles Laboratory, Elkhart, Ind.) and diluted to a final concentration of 6.7-7.0 g/100 ml with a solution of identical ionic composition. Glucose (5 mM) was the sole exogenous substrate in all the experiments. Glomerular filtration rate was determined by inulin clearance. Inulin concentration was determined chemically on the medium and the urine (14) .
Radioisotopes and counting techniques. L- [7- 2 and passed over Dowex (5) . The 0-methylated amines (normetanephrine and metanephrine) were adsorbed on Dowex and eluted with 3 N HCI in 50% ethanol (19 (15, 20) . Control aliquots were incubated without enzyme. After incubation, these samples were analyzed chromatographically in the same manner as nonincubated urine aliquots.
Binding of [3H]catecholamines to albumin in the perfusion
E to the albumin in the perfusate was measured using the method described by Toribara (21) . Binding of the catecholamines was determined separately for each perfusion experiment and the value for the measured bound and unbound fractions used to calculate the excretion of these hormones. For the actual measurement, a sample of the perfusate to be used in each perfusion was separated from the initial perfusion medium and enough catecholamines were added to achieve the same concentration as that used in the experiment. The samples were placed in cellophane bags, placed in Toribara centrifuge tubes, kept at 37°C and gassed for 30 min with the same gas mixture of95% 02 and 5% CO2 used in the perfusion. Samples were then spun at a constant temperature of 37°C GLOMERULARRURATAW RATE (mr//rrl) The dotted lines represent the theoretical rate of disappearance for NE and E if total catecholamine clearance resulted from excretion in urine. The predicted t12 for NE is 85 min and for E, 43 min.
formulas for those periods after the peak clearance of catecholamines was reached is shown in Table I Metabolism of catecholamines by the isolated kidney.
Both NE and E disappeared from the perfusion medium more rapidly than predicted from their urinary excretion. In Fig. 3 (Fig. 4) . This percentage was smaller in urine than perfusion medium, indicating that catecholamine metabolites were concentrated in the urine. Fig. 3 .
The specific metabolites produced after 40 min of perfusion with [3H]catecholamine are shown in Table II ; the values for perfusion medium and urine are from the last clearance period (between 30 and 40 min after the labeled amine was added). The kidney 10 sive fall of the 14C:3H ratio in the perfusion medium; furthermore the 14C:3H ratio in urine should exceed the corresponding 14C:3H ratio in the perfusion medium at all times during the experiment. This is borne out by results shown in Fig. 6 . The 14C:3H ratio in urine exceeded that in perfusion medium in all the study periods. This was true for total radioactivity, the catecholamine fraction, and in the 0-methylated amine fraction, indicating increased excretion of E and increased conversion to the 0-methylated amine metabolite (metanephrine). The 14C:3H ratio in the perfusion medium fell progressively from start to finish in both perfusions. The results confirm that E is excreted and 0-methylated more rapidly than NE. The secretion of E and NE (Fig. 3) was a linear function of the concentration of free catecholamine in the medium. No tubular maximum secretory rate was demonstrated at the concentrations studied (0.2-5 ng/ml unbound); higher concentrations are difficult to study because of the vascular effects they introduce. The levels studied here are slightly higher than the usual levels in human blood, where the total catecholamine concentration is under 1 ng/ml and about 50% of that is bound. Over the 25-fold range in perfusate concentration studied, however, there was no difference in fractional excretion or in the pattern of metabolites produced. The direct relationship between perfusate concentration and catecholamine secretion seen in these studies, if extrapolated to intact animals, suggests that urinary catech6lamine excretion might be a valid, integrated guide to plasma levels of catecholamines.
In addition to excretion of unmetabolized catecholamine by filtration and tubular secretion, the isolated kidney displayed a substantial capacity to metabolize E and NE. As shown in Fig. 3 , -33% of the NE removed from the medium can be accounted for by metabolism, whereas 50% of the E is removed by metabolic transformation. The significant increase in E metabolism as compared with NE ( Figs. 3 and 4 (26, 27) since catechol-O-methyltransferase does not display stereospecificity (26, 28) . The formation of methanephrine from D,L-[3H]E may also have been increased at the expense of VMA by the stereospecificity of monoamine oxidase ( Fig. 5 ; Table I ).
The experiments reported here indicate that the isolated rat kidney both secretes and metabolizes E more avidly than NE (Figs. 1-5 , Table II ). The preferential excretion and metabolism of E was confirmed in the double-label experiments shown in Fig. 6 . The simultaneous perfusion of D,L-[14C]E and D,L-[3H]NE was associated with significant enhancement of the 14C:3H ratio in urine as compared with perfusion medium. This was true for the catecholamine fraction and the 0-methylated amine fraction. The corresponding ratio in the kidney perfusate fell progressively during the perfusion. The preferential secretion and metabolism of E as compared with NE can best be explained by an increased affinity of the renal tubular cell for E. Accumulation of catecholamines in the renal epithelium must precede both secretion and metabolism, and more avid uptake of E would account for an increase in both events.
These experiments thus demonstrate that catecholamines are both secreted and metabolized by the mammalian kidney. The data suggest that urinary excretion might serve as a guide to plasma levels of catechols integrated over time, and raise the possibility that a diminution in renal function or renal mass may substantially alter the metabolism and disposition of catecholamines by the body.
